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HIGHLIGHTS 


►  Diatomite  was  used  as  a  raw  material  for  the  preparation  of  porous  Si/C  composite. 

►  The  pore  structure  of  diatomite  could  be  well  retained  in  the  prepared  porous  Si. 

►  The  porous  Si/C  composite  exhibits  high  electrochemical  performance. 
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Diatomite,  a  natural  clay  mineral,  is  mainly  composed  of  silica  and  contains  a  large  number  of  fine 
microscopic  pores.  In  the  present  work,  a  series  of  porous  Si/C  composites  are  successfully  synthesized  by 
employing  diatomite  as  a  raw  material,  followed  by  low  temperature  magnesiothermic  reduction, 
impregnation  and  carbonization  of  phenolic  resin.  The  obtained  Si/C  composites  are  consisted  of  porous 
Si  coated  with  a  15  nm  thick  amorphous  layer  of  carbon.  Porous  Si/C  composites  with  different  ratios  of  Si 
and  C  are  investigated  as  anode  materials  for  U-ion  batteries.  The  porous  Si/C  composite  containing  33% 
carbon  exhibits  the  highest  reversible  capacity  of  about  1628  mAh  g-1  at  the  first  cycle  with  excellent 
capacity  retention  in  the  following  cycles.  Moreover,  the  porous  Si/C  composites  display  the  excellent 
rate  performance  at  high  current  densities  such  as  1  and  2  A  g  The  optimum  electrochemical 
performance  could  also  be  tuned  by  varying  the  proportions  of  porous  Si  and  carbon  precursors  during 
the  preparation  process.  The  results  indicate  that  the  natural  pore  structures  of  Si  and  C  are  conducive  to 
the  electrochemical  performance  and  clay  mineral  diatomite  could  be  considered  as  a  promising  raw 
material  for  Si/C  composites  for  lithium-ion  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  safe,  low  cost,  high  energy  density  and  long 
lasting  rechargeable  lithium-ion  batteries  greatly  depends  on  the 
research  and  application  of  lithium  storage  materials.  During  the 
past,  graphite  has  been  considered  as  potential  candidate  for  the 
anode  material  in  lithium-ion  batteries  due  to  its  excellent  cycling 
performance  as  well  as  safe  nature  [1],  However,  the  theoretical 
capacity  of  graphite  is  only  372  mAh  g-1,  which  is  far  below  in 
meeting  the  demands  of  high  performance  lithium-ion  batteries.  It 
is  of  utmost  importance  to  develop  new  electrode  materials 
exhibiting  higher  power  as  well  as  energy  densities  [2],  Si  is  one  of 
the  attractive  anode  materials  for  lithium-ion  batteries  because  of 
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its  highest  capacity  of 4200  mAh  g-1  among  all  the  anode  materials 

[3] ,  Nevertheless,  the  practical  utilization  of  Si  as  anode  material  is 
hindered  by  its  huge  volume  changes  induced  by  the  lithium-ion 
insertion  and  extraction  processes,  culminating  in  the  pulveriza¬ 
tion  of  electrode  structure  as  well  as  the  poor  cycling  performance 

[4] ,  During  the  recent  years,  various  approaches  have  been 
employed  to  overcome  the  limitations  such  as  rapid  loss  of  capacity 
and  poor  cycling  performance.  One  approach  involves  the  synthesis 
of  novel  nanostructured  Si  such  as  Si  nanospheres  [5—7],  porous  Si 
[8—10],  and  Si  nanowires  [11— 13],  The  other  way  is  to  disperse  Si  in 
metallic  compounds  [14-16]  or  carbon  matrix  [10,17-22],  Of  all  the 
approaches  employed  previously,  the  dispersion  of  Si  into  carbon 
matrix  has  attracted  particular  interest  owing  to  the  fact  that 
carbonaceous  materials  can  accommodate  the  volume  expansion  of 
Si  during  its  alloying/de-alloying  processes,  and  moreover,  also 
maintain  good  electronic  conductivity  during  charging/discharging 
cycles. 
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Uptill  now,  various  methods  have  been  adopted  to  fabricate 
porous,  hollow  or  one-dimensional  nanostructured  Si-based  elec¬ 
trode  materials.  These  methods  include  chemical  reduction  [23,24], 
thermal  decomposition  [25,26],  and  chemical  vapor  deposition 
[13,27,28],  The  siliceous  precursors  used  are  mainly  comprised  of 
Si-containing  polymers  [13,29—31],  silicohydride  [26,32],  and  silica 
[24,33],  However,  the  strategies,  mentioned  above,  possess  the 
disadvantages  such  as  rigorous  experimental  conditions,  compli¬ 
cated  processing,  and  expensive  raw  materials.  For  instance,  in 
order  to  synthesize  one-dimensional  Si  nanowires,  Au  is  generally 
utilized  as  catalyst  in  combination  with  high  pressure  and  high 
temperature  conditions.  On  the  other  hand,  the  preparation  of 
three-dimensional  porous  Si  involves  the  utilization  of  SBA-15  or 
triethanolamine  as  template.  The  time-consuming  removal  of 
template  along  with  the  use  of  dangerous  corrosive  agent  such  as 
HF  limits  the  application  of  this  process. 

Diatomite  is  a  natural  biological  sedimentary  mineral  obtained 
from  the  accumulation  and  deposition  of  unicellular  aquatic  plankton 
[34],  It  is  mainly  comprised  of  SiC>2  with  small  concentrations  of  Fe2C>3, 
AI2O3,  MgO,  CaO,  and  organic  matters.  It  is  widely  used  as  heat  insu¬ 
lation,  filter,  and  absorbent  material  because  of  its  numerous  fine 
microscopic  pores,  large  specific  surface  area,  and  high  absorption 
capacity  [35],  Herein,  we  report  the  utilization  of  the  diatomite  as 
a  raw  material  for  the  fabrication  of  porous  Si/C  composites.  We  have 
employed  a  facile,  low  cost,  and  green  strategy  to  fabricate  these 
composites.  In  contrast  to  the  template  method  involving  complicated 
processes,  our  process  has  demonstrated  improved  performance  and 
efficiency.  Firstly,  the  fine  numerous  natural  pores  of  diatomite  also 
remain  intact  following  the  purification  and  low  temperature  treat¬ 
ment.  Secondly,  the  fabrication  process  from  diatomite  to  porous  Si  is 
environmentally  friendly,  low  cost,  and  simple,  which  can  be  used  for 
large  scale  production.  Moreover,  the  pulverization  of  the  electrode 
can  be  suppressed  effectively  by  using  the  Si/C  composite,  and  more 
importantly,  the  excellent  cyclability  and  rate  capability  are  acquired 
with  these  composites. 

2.  Experimental 

2.1.  Materials 

Diatomite  (Shuangjiang,  Yunnan  province,  China)  was  purified 
by  the  following  process.  Mg  powder  (99.9%,  Aldrich)  and  phenolic 
resin  (99%,  Zhenjiang  Hengtong  Chemical  Co.  Ltd)  were  used  as 
received.  All  solutions  were  prepared  in  deionized  water.  All  other 
chemical  reagents  were  in  analytical  grade. 

2.2.  Materials  synthesis 

2.2.1.  Purification  of  diatomite 

Natural  diatomite  was  ground  and  infiltrated  in  water  with 
0.01  M  NaOH,  and  then  suspension  was  collected  by  filtering  and 
drying.  Subsequently,  diatomite  was  calcined  at  800  °C  for  2  h  in  air 
to  remove  the  organic  matters  and  poured  into  6  M  H2SO4  at  95  °C 
to  remove  the  impurity  such  as  Fe2C>3,  AI2O3,  MgO,  and  CaO.  Finally, 
the  purified  diatomite  was  filtrated,  washed,  and  then  dried. 

2.2.2.  Conversion  of  diatomite  to  porous  Si 

The  purified  diatomite  was  mixed  with  Mg  powder  with  the 
mass  ratio  of  1:1,  and  calcined  at  650  °C  under  Ar  atmosphere  for 
6  h,  and  subsequently,  the  porous  Si  was  obtained  by  removing  the 
redundant  Mg,  MgO  and  Mg2Si  with  0.1  M  HC1  solution. 


under  Ar  atmosphere  for  2  h  at  a  heating  rate  of  5  °C  min-1  to 
obtain  porous  Si/C  composites.  As  a  comparison,  phenolic  resin  was 
also  carbonized  under  the  same  experimental  conditions. 

2.3.  Structural  characterization 

The  thermogravimetric  analysis  was  carried  out  by  using  a  TGA/ 
DSC1  type  instrument  (Mettler  Toledo,  Switzerland)  from  20  to 
1200  °C  with  a  heating  rate  of  10  °C  min-1  in  air.  The  sample  hold  is 
alumina  crucible  with  70  uL  volume  which  was  previously  stabi¬ 
lized  by  heating  at  high  temperature.  The  phase  composition  of 
diatomite,  porous  Si,  and  porous  Si/C  composites  were  determined 
by  X-ray  diffraction  (XRD)  on  a  Rigaku  D/max-RB  diffractometer 
using  Cu  Ka  radiation  at  40  kV  and  30  mA,  with  a  step  of  0.02° 
between  10  and  90°.  Raman  spectra  were  recorded  using  HR800 
(Horiba  JobinYvon)  with  a  514.5  nm  Ar-ion  laser.  Field-Emission 
Scanning  Electron  Microscopy  (FE-SEM)  analysis  was  conducted 
with  a  JEOL  JSM-6330  electron  microscope.  Transmission  Electron 
Microscopy  (TEM)  and  Selected  Area  Electron  Diffraction  (SAED) 
images  were  recorded  by  a  JEM-2100F  transmission  electron 
microscope.  The  pore  structures  were  measured  from  a  nitrogen 
adsorption-desorption  isotherm  at  77  K  after  being  degassed  at 
300  °C  for  at  least  3  h  using  a  Quantachrome  Autosorb-IQ2. 

2.4.  Electrochemical  measurements 

The  working  electrodes  were  prepared  by  mixing  40  wt%  active 
materials,  40  wt%  acetylene  black  and  20  wt%  polyvinylidene- 
fluoride  dissolved  in  N-methylpyrrolidinone.  The  resulting  slurry 
was  then  spread  uniformly  on  the  copper  foil  and  dried  at  120  °C  in 
vacuum  for  12  h.  Electrochemical  measurements  were  performed 
with  two-electrode  employing  the  prepared  electrode  as  the 
working  electrode  and  lithium  foil  as  the  counter  electrode.  The 
electrolyte  was  1  M  LiPF6  in  a  mixed  solvent  of  ethylene  carbonate, 
diethyl  carbonate  and  ethyl  methyl  carbonate  with  volume  ratio  of 
1:1:1.  The  charge/discharge  performance  of  the  electrodes  was 
evaluated  at  25  °C  using  an  automatic  battery  testing  system  (LAND 
CT2001A)  at  a  voltage  window  of  0.01—1.5  V.  Electrochemical 
impedance  spectroscopy  (EIS)  was  recorded  from  105  to  0.01  Hz  by 


Porous  Si/C  Porous  Si 


2.2.3.  Preparation  of  porous  Si/C  composites 

Porous  Si  and  phenolic  resin  with  weight  ratios  of  1 :1, 1 :5,  and 
1:15  were  mixed  in  acetone.  The  mixture  was  carbonized  at  750  °C 


Fig.  1.  The  schematic  fabrication  of  porous  Si/C  composite:  ( 1 )  purification  of  diatomite 
by  calcination  and  acid  treatment;  (2)  preparation  of  the  porous  Si  electrode  by 
reduction  with  Mg;  (3)  preparation  of  porous  Si/C  composites  by  the  pyrolysis  of 
phenolic  resin. 
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weight  ratios  of  porous  Si  and  phenolic  resin. 


using  an  electrochemical  workstation  (CHI660C)  and  the  amplitude 
of  the  used  perturbation  was  10  mV.  The  cells  were  measured 
before  cycle  and  after  5  cycles.  The  open  circuit  voltage  (OCV)  of  the 
cells  before  cycle  was  maintained  at  2.7  V.  After  5  cycles,  the  cells 
were  maintained  at  charged  state  (Li  extraction)  while  the  OCV  are 
at  0.5  V.  The  specific  capacity  of  composites  was  calculated 
according  to  the  weight  of  active  materials. 


different  ratios  of  porous  Si  and  C. 


3.  Results  and  discussion 

The  schematic  fabrication  of  porous  Si/C  composite  is  illustrated 
in  Fig.  1.  Firstly,  diatomite  is  calcined  and  treated  with  acid  to 
remove  the  organic  matters  and  other  oxides.  The  color  of  the 
diatomite  becomes  white  following  removal  of  impurity.  Subse¬ 
quently,  diatomite  reacts  with  Mg  under  Ar  atmosphere  to  form  the 
porous  Si  in  accordance  with  the  following  reaction: 

2Mg(g)  +  Si02(s)  2MgO(s)  +  Si(s) 

During  the  process,  the  excessive  Mg  could  also  react  with  Si  as 
the  following  reaction: 

Mg(g)  +  Si(s)  -  Mg2Si(s) 

After  the  reduction  reaction,  the  excess  Mg,  MgO  and  Mg2Si  can 
be  easily  removed  with  HC1  washing.  Then  the  purified  porous  Si  is 
mixed  with  carbon  precursor  phenolic  resin  and  further  pyrolyzed 
under  Ar  atmosphere,  resulting  in  the  porous  Si/C  composites.  The 
carbon  contents  in  the  porous  Si/C  composites,  determined  by 
thermogravimetric  analysis  (Fig.  2),  are  found  to  be  33  wt%,  68  wt%, 
and  85  wt%  for  porous  Si:phenolic  resin  =  1:1, 1:5, 1:15,  respec¬ 
tively.  The  corresponding  porous  Si/C  composites  are  termed  as  67% 
Si— 33%C,  32%Si— 68%C,  and  15%Si-85%C,  respectively. 

The  XRD  patterns  of  purified  diatomite,  porous  Si,  and  porous  Si/ 
C  composites  are  shown  in  Fig.  3.  The  phase  composition  of  the 
purified  diatomite  is  mostly  comprised  of  hydrous  silica  as  opaline 
silica  along  with  the  small  amount  of  other  crystalline  phase 
identified  as  quartz.  Following  the  magnesiothermic  reduction, 
porous  Si  exhibits  the  high  crystallinity.  The  peaks  of  Mg,  MgO  and 


porous  Si  and  C 
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Mg2Si  cannot  be  detected.  The  XRD  patterns  of  porous  Si/C 
composites  indicate  that  the  crystal  structure  of  Si  remains  intact 
during  the  pyrolysis  process.  In  addition,  the  diffraction  peaks 
corresponding  to  the  graphite  have  not  been  detected  in  the  XRD 
pattern,  which  is  possibly  due  to  the  formation  of  the  amorphous 
structure  of  carbon  at  low  temperature  [36]. 

The  Raman  spectra  of  porous  Si/C  composites,  containing 
different  ratios  of  porous  Si  and  carbon,  are  exhibited  in  Fig.  4.  The 
band  at  515  cm -1  corresponds  to  the  crystalline  Si  [37],  After  the 
carbon  coating,  the  characteristic  peaks  around  1335  cm-1  (the  “D 
band”)  and  1594  cm-1  (the  “G  band”)  appear  for  different  ratios  of 


porous  Si  and  carbon,  which  are  the  typical  peaks  assigned  to  the 
disorder  in  the  graphene  layers  of  carbon  materials  and  the  in¬ 
plane  phonon  modes  of  graphene,  respectively  [21,38],  The  ratios 
of  intensity  between  D  and  G  band  are  0.88,  0.85,  and  0.84  for  67% 
Si— 33%C,  32%Si— 68%C,  and  15%Si— 85%C,  respectively,  indicating 
the  low  degree  graphitization  of  composites.  Furthermore,  the 
relative  intensity  between  carbon  and  Si  has  notably  changed.  This 
phenomenon  may  be  explained  by  two  factors.  Firstly,  the  increase 
of  the  phenolic  resin  contents  renders  more  carbon  coating  at  the 
surface  of  porous  Si.  Secondly,  the  scattering  intensity  at  the  surface 
of  carbon  is  stronger  than  that  of  Si. 


Fig.  5.  FE-SEM  of  (a)  purified  diatomite,  (b)  porous  Si,  (c)  67%Si-33%C,  (d)  32%Si-68%C,  (e)  15%Si-853SC,  HR-TEM  of  (f)  and  (g)  67%Si-33%C  and 
porous  Si. 


:  (g)  shows  SAED  for 
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Fig.  5a  reveals  the  FE-SEM  image  of  the  primitive  diatomite.  It  is 
composed  mainly  of  fine  microscopic  pores,  cavities,  and  channels. 
It  is  evident  in  Fig.  5b  that  after  reacting  with  Mg  (Fig.  5b),  a  large 
concentration  of  three-dimensional  (3D)  pores  and  channels  still 
exists  above  as  well  as  inside  the  porous  Si  particles.  It  is  believed 
that  the  porous  structure  is  beneficial  to  overcome  the  problem 
associated  with  the  volume  change  of  Si  induced  by  the  Li-ion 
insertion/extraction  [8],  It  is  obvious  in  Fig.  5c  and  d  that  with 
the  carbon  contents  of  33%  and  67%,  the  carbon  has  not  only  filled 
within  the  channels  of  porous  Si,  but  the  surface  of  porous  Si  has 
also  been  coated  by  the  carbon.  Meanwhile,  the  rough  surface  of 
porous  Si  is  still  maintained.  When  the  carbon  content  increases  to 
85%  (Fig.  5e),  the  porous  Si  is  completely  covered  by  carbon  layer. 
Surface  of  the  particle  is  much  smooth  than  that  of  67%Si-33%C  and 
32%Si— 68%C.  To  further  identify  the  carbon  distribution  within  the 
interior  of  micro-sized  particles,  TEM  analysis  is  performed.  As 
shown  in  Fig.  5f,  the  carbon  not  only  coated  on  the  surface  of  porous 
Si,  but  also  existed  in  the  channels  (arrow  in  the  figure).  A  relatively 
disordered  microstructure  in  Fig.  5g  clearly  reveals  that  the  surface 
of  particles  exhibits  a  uniform  layer  of  the  carbon  coating  with  the 
thickness  of  about  ca.  15  nm.  It  is  also  noted  in  SAED  micrographs 
(inset  in  Fig.  5g)  that  the  porous  Si,  formed  by  magnesiothermic 
reduction,  depicts  a  spot  pattern  of  Si  (Oil),  (111),  and  (200), 
corroborating  the  existence  of  single  crystalline  Si. 

The  nitrogen  adsorption— desorption  isotherms  measurements 
are  further  performed  to  comprehend  the  formation  mechanism  of 
porous  Si  and  Si/C  composites  derived  from  the  porous  diatomite.  It 
is  evident  in  Fig.  6  that  the  nitrogen  adsorption-desorption 
isotherms,  for  purified  diatomite  and  porous  Si,  are  characteristic 
of  type  IV,  indicating  the  presence  of  both  micropores  and  meso- 
pores.  However,  as  the  relative  pressure  P/Po  >  0.45,  the  purified 
diatomite  and  porous  Si  exhibit  a  HI  hysteresis  loop,  which  is  the 
characteristic  of  aggregates  of  particles  forming  channel-like  pores. 
Furthermore,  the  calculated  specific  surface  areas,  listed  in  Table  1, 
indicate  that  the  total,  mesopore,  and  macropore  surface  areas  of 
the  porous  Si  decrease,  but  the  micropore  surface  area  increases.  It 
implies  that  the  porous  Si  still  retains  a  large  concentration  of 
mesopores  and  macropores  and  more  micropores  appear  after 
magnesiothermic  reduction.  After  the  carbon  coating,  the  nitrogen 
adsorption— desorption  isotherms  of  the  porous  Si/C  composites 
are  classified  as  type  I,  suggesting  the  presence  of  micropores.  The 
total  surface  area,  total  pore  volume,  and  the  micropore  volume  of 
porous  Si/C  increase  with  increasing  carbon  contents,  testifying 
that  a  large  amount  of  microporous  carbon  has  formed  during  the 
pyrolysis  of  phenolic  resin.  The  high  specific  area  and  pore  volume 
of  porous  Si/C  are  conducive  to  the  permeation  of  the  electrolyte 
and  the  transfer  of  Li-ion. 

The  porous  Si  and  porous  Si/C  (with  different  ratios  of  porous  Si 
and  carbon)  are  tested  as  anode  materials  for  Li-ion  batteries. 
Fig.  7a  displays  the  discharge  (lithium  alloying)  and  charge  (lithium 
de-alloying)  curves  of  porous  Si  and  porous  Si/C  composites  during 
the  first  cycle  in  the  voltage  window  of  0.01-1.5  V  and  at  the 
current  density  of  50  mA  g  ’.  The  first  cycle  discharging  of  porous  Si 
exhibits  a  flat  and  smooth  voltage  plateau  at  0.11  V  and  charging 
voltage  plateau  at  0.45  V,  which  is  similar  to  the  behavior  of  crys¬ 
talline  Si  [39].  The  first  charging  and  discharging  specific  capacities 
of  porous  Si  are  1826  and  2666  mAh  g-1,  respectively,  with 
a  coulombic  efficiency  of  68.5%.  The  relatively  large  initial  irre¬ 
versible  capacity  may  be  ascribed  to  the  following  reasons:  Firstly, 
the  alloying  of  Si  with  lithium  results  in  a  partly  irreversible  phase 
transformation  of  silicon  during  the  first  charge/discharge  cycle 
[40,41];  Secondly,  the  direct  contact  between  Si  and  electrolyte 
results  in  the  electrochemical  reduction  of  the  electrolyte  and  the 
formation  of  solid  electrolyte  interphase  (SEI)  film  inside  the  pores 
and  at  the  surface  of  Si  particles.  The  formation  of  SEI  implies  the 


consumption  of  some  active  lithium  [42],  After  30  cycles,  the  charge 
capacity  of  porous  Si  is  only  240  mAh  g  1  (Fig.  7b),  which  indicates 
a  large  capacity  loss.  The  rapid  capacity  loss  is  rendered  by  the 
pulverization  of  the  electrode  materials  during  lithium  insertion/ 
extraction  processes  and  also  the  ongoing  formation  of  SEI  film  on 
the  surface  of  particles.  For  a  comparison  purpose,  the  charge 
capacity  of  bare  carbon  is  found  to  be  at  400  mAh  g~\  Apparently, 


Table  1 


Surface  area  c 
composite. 

ind  porosity  of  pui 

rifled  diatomii 

te,  poro, 

is  Si,  and 

porous  Si/C 

Sample 

Smicro 

Smeso+macro 

Vtotal 

Vmicro 

APD 

Kg 

)a  Kg-1; 

ib  Kg-1)' 

(cm3  g- 

V  (Kg 

-1)6  (nm/ 

Diatomite 

63.4 

0 

63.4 

0.164 

0 

3.42 

Porous  Si 

46.9 

6.0 

40.9 

0.188 

0.003 

3.07 

67%Si— 33%C 

274.3 

260.1 

14.1 

0.137 

0.108 

3.07 

32%Si— 68%C 

438.0 

407.8 

30.2 

0.193 

0.161 

1.43 

15%Si— 85%C 

504.2 

488.1 

16.1 

0.217 

0.191 

3.07 

a  Total  surface  are; 

IS  (Stotai) 

are  derived 

using 

the  multipoint  Brau- 

nauer-Emmett-Teller  (BET)  method. 
b  Micropore  areas  (Snucro)  are  calculated  from  the  t-plot. 

c  Mesopore  and  macropore  areas  (SmeSo+macro)  are  calculated  by  subtracting  Smicro 
from  Stotai- 

d  Total  pore  volume  (Vtotal)  at  P/P0  =  0.99. 
e  Vmicro:  Micropore  volume. 

f  APD:  Average  pore  diameter  are  calculated  by  using  BJH  model. 
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different  ratios  of  porous  Si  and  C:  (a)  the  first  charge-discharge  curves  at  50  mA  g_1 
between  voltage  limits  of  0.01-1.5  V,  (b)  cycling  performance  at  a  current  density  of 
50  mA  g_1,  and  (c)  rate  stabilities  at  various  current  densities. 


after  carbon  coating,  the  main  charge  and  discharge  voltage 
plateaus  of  porous  Si/C  composites  are  similar  to  that  of  porous  Si, 
indicating  that  the  porous  Si  contributes  to  most  of  the  overall 
anode  capacity.  The  initial  charge  capacities  of  67%Si— 33%C,  32% 
Si— 68%C,  and  15%Si-85%C  are  1628,  1125,  and  711  mAh  g~\ 
respectively,  while  the  initial  coulombic  efficiencies  of  three 
compositions  are  70.5%,  60.4%,  and  50.7%,  respectively.  The 
enhancement  in  the  initial  irreversible  capacity  of  composites  with 
increasing  carbon  contents  can  be  ascribed  to  the  increased  specific 


surface  area  of  composites  (Table  1 ).  The  more  contact  between  the 
composites  and  electrolyte  facilitates  the  formation  of  SE1  film.  The 
porous  Si/C  composites  present  the  higher  capacity  retention 
compared  to  that  of  the  pure  porous  Si  (Fig.  7b).  The  higher 
reversible  charge  capacity  of  759,  715,  and  567  mAh  g-1  for  67% 
Si— 33%C,  32%Si— 68%C,  and  15%Si— 85%C,  respectively,  is  acquired 
after  30  cycles.  The  coulombic  efficiencies  of  67%Si— 33%C,  32% 
Si— 68%C,  and  15%Si-85%C  rise  to  93%,  96%  and  97%  after  10 
cycles.  The  increased  specific  capacity  and  cycling  performance  of 
the  porous  Si/C  composites  can  be  attributed  to  the  existence  of 
micropores  in  the  composites  which  can  buffer  the  expansion  of 
porous  Si  during  the  Li-ion  insertion/extraction.  Another  reason  for 
the  amelioration  of  specific  capacity  and  cycling  performance  can 
be  assigned  to  the  presence  of  carbon,  which  can  provide  more 
pathways  for  the  electron  transportation  and  ultimately  suppress 
the  polarization.  Hence,  by  increasing  the  carbon  contents,  the 
better  cycling  properties  of  porous  Si/C  composites  can  be  obtained 
albeit  the  capacity  is  slightly  decreased.  As  the  carbon  contents  are 
further  increased  to  68%,  the  32%Si-68%C  composite  displays 
excellent  cycle  performance  and  high  capacity  retention.  None¬ 
theless,  the  continuous  increase  of  carbon  contents  will  ultimately 
deteriorate  the  capacity  of  composite  owing  to  the  fact  that  the 
specific  capacity  of  carbon  is  much  lower  than  that  of  Si. 
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different  ratios  of  porous  Si  and  C:  (a)  before  cycling  and  (b)  after  5  cydes  (in  the  de- 
lithiated  state). 
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In  order  to  further  investigate  the  electrochemical  performance 
of  porous  Si/C  composites,  the  rate  capabilities  of  porous  Si  and  Si/C 
composites  are  compared  and  results  are  presented  in  Fig.  7c.  In  the 
case  of  relatively  low  charge/discharge  rate  (100  mA  g_1 ),  the  initial 
charged  capacities  of  67%Si— 33%C,  32%Si— 68%C,  and  15%Si— 85%C 
arel653,  943,  and  621  mAh  g-1,  respectively.  Increasing  the 
current  density  to  2000  mA  g_1,  the  reversible  capacities  of  67% 
Si— 33%C,  32%Si— 68%C,  and  15%Si-85%C  reach  up  to  776,  549,  and 
302  mAh  g_1,  respectively  albeit  the  capacity  of  porous  Si  is  only 
found  to  be  90  mAh  g-1.  The  excellent  rate  capabilities  may  be 
attributed  to  the  uniform  carbon  layer,  which  improves  the  elec¬ 
trical  conductivity  of  the  composite  and  accelerates  the  transport  of 
lithium-ion. 

In  order  to  discern  the  mechanism  of  the  capacity  degradation 
of  porous  Si  and  porous  Si/C  composites,  EIS  measurements  are 
carried  out  and  the  resulting  Nyquist  plots  of  porous  Si  and  porous 
Si/C  composites  are  compared  before  and  after  the  5  cycles.  The 
typical  impedance  plots  (Z'  vs.  Z")  for  porous  Si  and  porous  Si/C  are 
displayed  in  Fig.  8a,  demonstrating  a  normal  impedance  behavior 
such  as  a  depressed  semicircular  portion  followed  by  linear  portion 
with  angle  considerably  more  than  45°.  After  5  cycles,  the  diame¬ 
ters  of  the  semicircles  of  porous  Si  and  porous  Si/C  composites 
become  larger  than  that  before  cycling  (Fig.  8b),  and  an  additional 
semicircle  appears  for  porous  Si.  The  semicircles,  presented  at  high 
and  medium  frequency  region,  correspond  to  the  interface  resis¬ 
tance  of  porous  Si  and  porous  Si/C,  which  is  associated  with  the  SEI 
film  and  charge-transfer  resistance  of  Li-ion  insertion.  The  linear 
portions  of  low  frequency  region  correspond  to  the  diffusion  of  Li- 
ion  in  the  composites  [43,44],  It  can  be  noticed  that  the  resistance 
of  SEI  film  of  porous  Si  is  much  larger  than  that  of  the  porous  Si/C 
composites  after  cycling,  indicating  that  the  thicker  SEI  film  is 
formed  at  the  surface  of  porous  Si.  Moreover,  the  resistance  of 
charge  transfer  in  porous  Si  is  larger  than  that  in  porous  Si/C 
composites,  facilitating  the  faster  diffusion  and  transportation  of  Li- 
ion  n  the  porous  Si/C  composites  than  that  in  porous  Si. 

4.  Conclusions 

Diatomite,  a  natural  clay  mineral  with  abundant  pore  structures, 
has  been  employed,  for  the  first  time,  as  a  raw  material  for  the 
preparation  of  porous  Si/C  composite  utilized  as  anode  material  for 
lithium-ion  batteries.  Firstly,  diatomite  has  been  converted  into 
porous  Si  by  a  simple  low  temperature  heat  treatment  without 
losing  its  fine  natural  pore  structure.  The  porous  Si/C  composites 
are  synthesized  by  dispersing  porous  Si  into  carbon  precursor  and 
a  subsequent  pyrolysis  process.  The  porous  Si/C  composites 
prepared  by  diatomite  have  exhibited  high  specific  surface  areas 
with  large  concentration  of  pores,  facilitating  the  diffusion  of  Li-ion 
and  the  penetration  of  electrolyte  by  providing  more  favorable 
paths.  The  effectiveness  of  the  porous  structure  and  the  higher 
carbon  contents  in  buffering  the  volume  expansion,  preserving  the 
integrity  of  Si  particles,  and  serving  as  a  good  conductor  matrix 
accounts  for  the  excellent  electrochemical  performance  of  the 
composites  for  the  rechargeable  lithium-ion  batteries.  The  results 
of  present  investigation  demonstrate  the  potential  feasibility  of 
fabricating  porous  Si/C  composites  by  natural  clay  mineral  diato¬ 
mite.  The  present  work  has  proposed  an  environmental  friendly 
and  price  competitive  approach  for  the  production  of  Si/C  anode 
materials. 
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